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Warm and hot springs occur within and on both sides of the Rio Grande rift (RGR) of northern New Mexico.
Springs on the western side of the RGR are along the Ojo Caliente fault zone, which intersects the Embudo
fault transfer zone that extends northeast of the Valles Caldera. Springs on the eastern side occur along north-
south rift-bounding faults near Taos, NM. We compared spring water geochemical data from the western and
eastern sides of the RGR to discover spring water origins. Included in our discussion was spring chemistry of
the Valles Caldera located to the southwest of our study area. The Valles Caldera is a significant feature because
it had major rhyolite eruptions 1.65 and 1.26 Ma, continued rhyolite eruptions until ~30 ka, and an active
magmatically-driven geothermal system. The latest volcanic events in the Taos Plateau were basalt flows occur-
ring about ~ 2 Ma. Our spring chemistry findings showed elevated levels of geothermal input in the western
spring group, with the greatest input in Ojo Caliente spring waters. The elevated geothermal tracers include
CO2, Li, B, Na, Cl, HCO3, Cext, He, Sr, mantle-like δ13C-CO2 values (−3.5 to −6.8‰), radiogenic basement-like
87Sr/86Sr ratios (0.747), andmantle-derived 3He (up to 4.8%) in the presence of highly elevated crustal 4He. East-
ern springs had fewer magmatic inputs including tracers listed above and notably lower 87Sr/86Sr ratios ranging
from 0.708 to 0.713. Nevertheless, eastern springs contain endogenic carbon and helium isotope values showing
up to 4%mantle-derived helium.We interpret the elevated tracer results discovered inOjo Caliente springwaters
as distal influences of the Valles geothermal system, which is about 60 km away. The most conclusive evidence
for these results stem from significant contributions of magmatically-derived volatiles including CO2, He, and
their isotopes. With evidence of far-traveled water and volatiles, we concluded that the RGR transfer zone fault
systems provide conduits for long-distance migration of deep fluids and gases that mix with meteoric water in
the shallow subsurface.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction and motivation

Geothermal systems often involve mixing between epigenic (shal-
low/meteoric) water and endogenic (deeply sourced/geothermal)
fluid derived from below the regional aquifer (Crossey et al., 2016).
Our aim is to identify small-volume contributions of geochemically po-
tent endogenic fluid mixing with larger volumes of meteoric water. To
this end, we studied fluid mixing of various origins using a multi-
tracer chemical approach. Volatile (e.g. noble gases, CO2 and their
lomgren), lcrossey@unm.edu
m.edu (T.P. Fischer),
isotopes) and hydrochemical (e.g., Li, B, Na, Cl, HCO3, 87Sr/86Sr) analyses
constrain fluid origins, fluid transport pathways, and gas-water-rock in-
teractions occurring in geothermal systems (Ellis and Mahon, 1977;
Shaw et al., 2003; Evans et al., 2006; Tassi et al., 2010; Barry et al., 2014).

Noble gases are commonly used for evaluating the evolution of hydro-
thermal andmagmatic systems as well as distinguishing the source, mix-
tures, and sub-surface crustal interactions of mantle-derived fluids,
because of their inert nature, low abundances, andwell-characterized iso-
topic compositions for each major terrestrial reservoir (i.e., mantle, crust,
hydrosphere, and atmosphere) (Clarke et al., 1969; Lupton et al., 1977;
Poreda and Craig, 1989; Sherwood Lollar et al., 1997; Polyak et al., 2000;
Ballentine et al., 2002; Gilfillan et al., 2008; Tedesco et al., 2010; Darrah
et al., 2013; Barry et al., 2014). Helium isotope analysis is particularly im-
portant for hydrothermal and magmatic studies in continental settings,
because even small contributions ofmantle-derivedheliumare resolvable
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Fig. 1.Mantle tomographic image at 80 km depth in NewMexico from Schmandt and Humphreys (2010). The study area is located in north-central NewMexico at the intersection of the
RGR and the Jemez lineament. The RGR is shown by the black dotted lines trending north-south and is characterized by a series of half grabens. The Jemez lineament is shown as black
basalt fields located along the Yavapai-Mazatzal transition zone, which is represented by the dashed white line (Nereson et al., 2013). The coloring represents mantle velocity, orange/
red = low velocity and blue = high velocity shown in %δVs (Schmandt and Humphreys, 2010). Slow mantle velocity domains contain partial melt, are warmer and more buoyant.
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and quantifiable in mixed crustal fluids (Ballentine et al., 2002; Crossey
et al., 2006, 2009, 2011; Karlstrom et al., 2013; Crossey et al., 2016).

The migration of fluid and gases is possible in part because of prefer-
ential pathways along fault zones (Mailloux et al., 1999; Johnson et al.,
2013; Fischer andChiodini, 2015). Furthermore, fault zones are significant
in areas of extension, crustal thinning, high geothermal gradient, and
magmatic systems because they allow the relatively rapid ascent of geo-
thermal waters (Kennedy and van Soest, 2007; Easley et al., 2011;
Easley and Morgan, 2013; Karlstrom et al., 2013; Crossey et al., 2016;
Lee et al., 2016). In our study area, the impact of faulting in regions under-
lain by low mantle velocity and young magmatism (Steck et al., 1998;
Schmandt and Humphreys, 2010) is apparent because of mantle helium
discovered in local spring water (Newell et al., 2005; Crossey et al.,
2016). Similarly, carbonic springs with PCO2 values much higher than at-
mospheric levels (10–3.5) are present and are considered a manifestation
of deeply derived fluids (Newell et al., 2005; Crossey et al., 2006, 2009,
2011; Easley and Morgan, 2013; Karlstrom et al., 2013). These findings
demonstrate the importance of studying spring fluid and gas chemistry
in northernNewMexico to better understand the relationship of geother-
mal settings, tectonics, and fluid migration.

In this contribution, we address two questions. 1) Do springs on op-
posite sides of Rio Grande rift (RGR) have different chemistries? 2) For
the western spring group, what are the influences of the modern Valles
Caldera geothermal system, and are the Embudo and Ojo Caliente faults
possible conduits for fluid and gas migration?

2. Regional setting

2.1. Structural and tectonic settings

The study area is located at the intersection of the RGRand the Jemez
lineament (Fig. 1), an area defined by thin crust, slowmantle velocities,
and a young volcanic history (Goff and Janik, 2002; Schmandt and
Humphreys, 2010; Zimmerer et al., 2016). This tectonic setting moti-
vates the study of volatile degassing into spring water and the relation-
ship of water chemistry and spring locations to the RGR and Jemez
lineament faults. The Jemez lineament is a northeast-trending zone of
volcanoes that transects New Mexico, extending from Arizona through
the Taos Plateau to the Raton-Clayton volcanic field on the Great Plains
(Nereson et al., 2013). The southern edge of the Jemez lineament is co-
incident with the Proterozoic Yavapai and Mazatzal suture zones
(Magnani et al., 2004), and is theorized to have been reactivated as a
conduit for magma ascent in the late Cenozoic (Fig. 1) (Nereson et al.,
2013).

The RGR is a north-south trending series of asymmetrical half gra-
bens (extensional basins), with a dominant normal fault on one side
and a hinge or zone of smaller displacement faults on the other
(Koning et al., 2004). Our study site involves two RGR basins, the San
Luis Basin to the north and Española Basin to the south (Fig. 2). The
San Luis Basin is bordered to the east by the west-dipping Sangre de
Cristo fault that has 7–8 km of displacement locally (Fig. 3) (Lipman
and Mehnert, 1979), which causes asymmetric subsidence of the basin
(Bauer and Kelson, 2004). The Española Basin is west-tilted because of
greater displacement along the Santa Clara-Pajarito fault system
(Koning et al., 2013).

The Embudo fault system is part of a northeast-southwest trending
accommodation zone that transfers displacement between the master
faults of the San Luis and Española Basins allowing for differential sub-
sidence (Fig. 2) (Muehlberger, 1979). It also aligns with the central gra-
ben of the Valles Caldera system (Goff et al., 2011) suggesting that the
location of this felsic caldera system was influenced by pre-existing
structures. The Embudo fault is predominantly a left lateral strike slip
fault with minor north-down dip slip motion (Bauer and Kelson,
2004) (Fig. 2). At larger scale, this fault system also provides a surface



Fig. 2. Study Area showing Valles Caldera and springs. The base map shows topography and regional faults (from the NewMexico Bureau of Mines andMineral Resources). The red bold
lines show the dominant faults associated with springs of this and related studies. The shaded area trending north-south is the RGR composed of the San Luis, Española and Albuquerque
(ABQ) basins. The bold black lines are cross section lines. The symbol colors represent different spring groups. Yellow symbols=western RGR springs; black= eastern RGR springs; blue
=meteoric springs; red= Valles Caldera springs; pink= geothermal outflow plume of the Valles Caldera; white= Tierra Amarilla and Penasco springs; peach= other regional springs
northeast of the Valles Caldera. Abbreviations for the springs are presented in Table 1 and listed here: Abiquiú spring (ABIQ), Bacawells (B13, B15, B24, B4), Bear Crossing (BC), Big spring
(BS), Black Rock (BR), Chimayó (CHI), Footbath (FB), Grassy spring (GRS), Jemez spring (JZ), La Madera (LM), Manby (MBY), No Aguawell (NA), North Highway (NH), Ojo Caliente (OC),
PicurisWarm spring (PW), Ponce de Leon (PL), RioGrande spring (RG), SodaDam(SD), Statue (STU), Taos Junction (TJ), TusasWarmspring (TW), TwinMounds (TM), Valles Calderawells
(VC-2A and VC-2B), and Women's Bath (WOM).
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expression of the Jemez lineament (Muehlberger, 1979) and is aligned
with the northeast-southwest trending zone of low mantle velocity
seen in Fig. 1.

Within the east-central part of the San Luis Basin is the north-south
trending Taos Graben (Fig. 2) that is bordered to the east by the Sangre
de Cristo fault and on the west by the buried east-dipping Gorge fault
(Bauer and Kelson, 2004). Grauch and Keller (2004) imaged the Gorge
fault 17 km north of Questa, NM and as far south as Taos, NM. The gra-
ben deepens to the south of Taos and is inferred to continue south
intersecting with the Embudo fault (Grauch and Keller, 2004). The
Taos Graben was also imaged with gravity data in Cordell (1978). The
Gorge fault hosts the majority of the hot springs in the eastern spring
group: Bear Crossing, Manby, and Black Rock. Bear Crossing spring is lo-
cated at the intersection of the Gorge and Red River faults near Questa,
NM, (Johnson and Bauer, 2012). The final spring of the eastern spring
group is Ponce de Leon located near the intersection of the Embudo
and Picuris-Pecos faults. The Picuris-Pecos fault was formed in the Pro-
terozoic, reactivated during the Laramide orogeny (Miller et al., 1963),
and had further displacement in the Neogene as a rift normal fault
(Bauer and Kelson, 2004).

The Embudo fault is present on the western side of the RGR and in-
tersects the northwest-dipping Ojo Caliente fault zone (Koning et al.,
2011), which hosts the western springs of this study: Ojo Caliente, La
Madera, and Statue (Fig. 2). The Ojo Caliente fault zone is extensional
and offsets Proterozoic bedrock against Tertiary Santa Fe Groupwith re-
lated faults bounding Quaternary travertine (Crossey et al., 2011).
Springs and vents are presently discharging along the Ojo Caliente
fault system suggesting the faults are tectonically active. The springs
have high concentrations of dissolved CO2 causing travertine deposi-
tion. By dating the travertine with uranium-series, Crossey et al.
(2011) showed that the springs have been discharging water for
N100–200 thousand years.

2.2. Magmatic setting

The volcanic system near the western part of the study area is known
as the Jemez volcanic field. The eastern volcanic rocks are part of the Taos
Plateau volcanic field. Both are part of the Jemez volcanic lineament and
overlie low velocity mantle but their volcanic histories differ. The Jemez
volcanic system developed over the last 16 Ma (Gardner and Goff,
1984; Zimmerer et al., 2016) and culminated with two supervolcano
caldera-style rhyolitic ash flow tuff eruptions at 1.65 and 1.26 Ma (Spell
et al., 1996; Goff et al., 2014; Zimmerer et al., 2016). The youngest
Jemez volcanismwas the 68 ka Banco Bonito and 74 ka El Cajete rhyolitic



Fig. 3.West-east cross section of the southern San Luis Basin from Ojo Caliente to the base of the Sangre de Cristo Mountains (modified from Bauer and Kelson, 2004 and NewMexico
Bureau quadrangle maps listed in the figure). Basement normal faults are located on either side of the RGR, which motivates the study of deep volatiles ascending along the faults. The
Gorge fault and Picuris-Pecos faults are both projected into the cross section. The former is an eastern rift-bounding fault and has greater displacement than the western rift-bounding
faults, reflecting the half-graben basin geometry that is present throughout the RGR. The RGR fill is Tertiary sediment of the Santa Fe Group overlain by basalt flows.
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flows and pumice deposits (Zimmerer et al., 2016). The Taos Plateau vol-
canism ranges from 2 to 6Ma (Lipman andMehnert, 1979; Appelt, 1998;
Repasch et al., 2017) and was dominantly mafic to intermediate in com-
position (basalt, andesite, and dacite) although rhyolitic volcanos are
also found in the region (Johnson and Bauer, 2012).

The Valles Caldera hosts a magma-driven geothermal system (Goff
and Gardner, 1994). Nielson and Hulen (1984) estimated the top of
the magma body at 4.7 km below the ground surface, and Aprea et al.
(2002) imaged the magma body with seismic data at 7 ± 1 km below
the ground surface. The gases and solutes of the Valles Caldera geother-
mal system were characterized in Truesdell and Janik (1986), Vuataz
et al. (1988), and Goff and Janik (2002), which reported mantle helium
signatures as high as 6 RA (Goff and Janik, 2002). Regional influence of
the Valles Caldera geothermal system includes a plume of geothermal
water flowing laterally from the Caldera southwest along the Jemez
fault (Fig. 2) (Goff and Gardner, 1994), and distal expressions found fur-
ther southwest along the San Diego Canyon fault, 42–48 km, to Tierra
Amarillo springs (McGibbon et al., 2018). These distal expressions are
similar to our work presented here.

2.3. Regional aquifers

The main aquifer of the study area is the Santa Fe Group (Drakos
et al., 2004) deposited from the earlyMiocene to about 1Ma. The oldest
layer of the Santa Fe Group is the Tesuque Formation composed of the
older Chama El Rito Member, an interbedded conglomerate and sand-
stone, and the younger Ojo Caliente Member, a fine to very fine, well-
sorted aeolian sandstone. The next layer above is the Chamita Forma-
tion, a moderate to poorly sorted sandstone. The aquifer on thewestern
side of the RGR ismainly composed of the Ojo CalienteMember and the
Chamita Formation (Koning et al., 2011). The youngest layer of the
Santa FeGroup is the Servilleta Formation, characterized as sediment in-
terbedded with basalt flows (Drakos et al., 2004). The Servilleta Forma-
tion is shallow aquifer of the Taos Plateau and groundwater mainly
flows in the sediment layers and within basalt fractures (Johnson and
Bauer, 2012).

2.4. Using a multiple tracer approach

This study used multiple tracer analyses to develop two and three
end-member mixing models capable of resolving deep end member
volatile and fluid components (Crossey et al., 2009). The mixing trends
extend from known meteoric values to empirically approximate endo-
genic end members. The types of tracers used include analytical, isoto-
pic, and gas chemistry.

For analytical chemistry we studied major ions and presented the
data in a Piper diagram to identify water-rock interactions and fluid
mixing (Piper, 1944). Lithium and boron were studied because they



Table 1
Spring abbreviations, locations and parameters.

Sample name Abbr. Sample date Elev. (m) Latitude Longitude Temp (0C) Depth (m) pH Cond. (μS) TDS (ppm) bSpec. cond. (μS)

Western Rio Grande rift springs
La Madera Mother spring (a) LM1 01/04/15 2029 36.361000 −106.041930 25.4 Surface 6.02 1610 805 1850
La Madera Mother spring (a) LM1 06/20/15 2029 36.361000 −106.041930 25.9 Surface 5.77 1686 843 1739
La Madera pool (a) LM2 01/04/15 1963 36.360990 −106.050700 24.5 Surface 6.32 1250 614 1784
La Madera pool (a) LM2 06/20/15 1963 36.360990 −106.050700 26.1 Surface 6.07 1773 886 1896
Ojo Caliente Well (a) OC-W 01/04/15 1908 36.305492 −106.051980 53.2 26a 6.63 3350 1700 6699
Ojo Caliente Lithium spring (a) OC-L 01/04/15 1908 36.304573 −106.052953 41.7 Surface 6.68 3150 1810 5391
Ojo Caliente Iron spring (a) OC-I 01/04/15 1908 36.304346 −106.053002 40.6 Surface 6.62 4240 2110 5397
Statue spring (a) STU 01/05/15 2063 36.382080 −106.060130 25.0 Surface 6.34 1582 790 1662
Statue spring (a) STU 06/20/15 2063 36.382080 −106.060130 28.5 Surface 5.78 1598 800 1789

Eastern Rio Grande rift springs
Black Rock spring (a) BR 01/06/15 1993 36.530668 −105.712160 38.3 Surface 7.61 810 405 1106
Manby spring (a) MBY 06/06/15 NM 36.506748 −105.723633 38.5 Surface 7.0 788 394 1005
Bear Crossing spring (a) BC 06/06/15 NM 36.714430 −105.693300 16.8 Surface 7.69 232 116 179
Ponce de Leon spring (a) PL 01/06/15 2215 36.321998 −105.605657 33.0 Surface 8.60 769 384 989

Meteoric waters in study area
Big spring (a) BS 01/05/15 1861 36.278600 −105.793500 21.9 Surface 7.77 269 134 263
Taos Junction spring (a) TJ 01/05/15 1851 36.334180 −105.736540 18.2 Surface 7.92 463 231 413
Rio Grande Spring (a) RG 01/05/15 1871 36.332630 −105.739430 15.2 Surface 7.29 391 195 298
No Agua well (a) NA 06/26/15 2333 36.761831 −105.958264 31.0 354 6.96 147 77.8 230
Tusas warm Spring (a) TW 06/26/15 NM 36.834718 −106.214072 17.3 Surface 7.31 138 68 174
Picuris warm Spring (a) PW 06/27/15 8104 36.249200 −105.727420 14.8 Surface 5.33 36.2 18.1 36

Valles Caldera springs and wells
Footbath (b) FB 1986–1998 NR 35.908045 −106.615599 20 Surface 1.10 NR NR NR
Women bath (b) WOM 1993–1998 NR 35.906420 −106.616397 88 Surface 1.40 NR NR NR
Valles Caldera well VC-2A (b) VC-2A 1987 NR 35.907595 −106.615534 210 NR 6.20 NR NR NR
Valles Caldera well VC-2B (b) VC-2B 1989–1990 NR 35.910129 −106.609489 295 NR 4.74 NR NR NR
Baca well 13 (b) B13 1974–1982 aprox. 2600 35.896512 −106.568831 289 2501 7.30 NR NR NR
Baca well 15 (b) B15 1976–1982 aprox. 2600 35.893188 −106.580717 280 1673 7.12 NR NR NR
Baca well 24 (c) B24 1981–1982 aprox. 2600 35.885825 −106.581993 260 3233 NR NR NR NR
Baca well 4 (c) B4 1973–1982 aprox. 2600 35.888989 −106.571063 295 1939 NR NR NR NR

Valles Caldera SW geothermal outflow springs
Soda Dam (b) SD 1984–1994 NR 35.791681 −106.686041 47 Surface NR NR NR NR
Jemez spring (b) JZ 1984–1992 NR 35.771981 −106.690110 75 Surface NR NR NR NR

Tierra Amarilla
North Highway (e) NH 6/30/2014 NR 35.547150 −106.826790 20.2 Surface 6.01 9430 4710 NR
Twin Mounds (e) TM 6/30/2014 NR 35.536744 −106.847567 27.7 Surface 6.07 12,560 6370 NR
Grassy Spring (e) GRS 6/30/2014 NR 35.516175 −106.843978 24.4 Surface 6.3 15,330 7600 NR

(a) this study; (b) Goff and Gardner, 1994; (c) Truesdell and Janik, 1986; (d) Goff and Janik, 2002; (e) Newell et al., 2005; McGibbon et al., 2018
NR - Not Reported.
NM - Not Measured.

a Well depth from Vuataz et al., 1984
b Specific conductance was modeled with PHREEQC Version 2.
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can be associated with a thermal source and high temperature equili-
bration (Evans et al., 2006; Goff and Gardner, 1994). The elemental ra-
tios, B/Cl and Li/Cl, were compared to geothermal fluids because these
ratios do not equilibrate at lower temperatures (White et al., 1984),
and therefore show mixing of reservoir and meteoric groundwater
with preserved conservative components (Goff and Gardner, 1994).
The Cl/Br ratio was reported because it signifies increased salinization
due to geologic influence on groundwater (Phillips et al., 2003; Hogan
et al., 2007; Williams et al., 2013). PCO2 was modeled with PHREEQC
(Parkhurst, 1995), which expresses saturation of Ca, HCO3 and CO2. If
PCO2 in water is higher than atmospheric levels of PCO2 (10–3.5), then
the water has more dissolved CO2 compared to water equilibrated
with the atmosphere, and therefore is an indicator of how much CO2

will degas at spring vents (Drever, 1997).
Various isotopic chemical analyses were performed, beginning with

the stable isotopes of hydrogen and oxygen used to identify evaporation
andwater-rock interaction trends relative to the Global MeteoricWater
Line (GMWL) (Sharp, 2007). Carbon isotope analyses were used to dis-
tinguish among three sources of dissolved inorganic carbon (DIC): dis-
solved components of carbonates within an aquifer system (Ccarb),
organic volatiles from soil gas or plant respiration (Corg), and endogenic
sources such as magmatic degassing or CO2 from rising geothermal
fluids from deep crust or mantle (Cendo) (Chiodini et al., 2004). Radio-
genic strontiumwas analyzed because it reflects water-rock interaction
along deep flowpathways through Precambrian granite and other types
of rocks (Faure, 1986). An example of highly radiogenic Precambrian
basement rock near our study area, that is generally similar in age and
composition, is from the Rocky Mountain National Park in Colorado
with an average 87Sr/86Sr value of 0.740 (Clow et al., 1997). In contrast,
Paleozoic marine carbonates in New Mexico typically have an average
87Sr/86Sr ratio of 0.709 (Crossey et al., 2006).

For gas chemistry, we present Ar-N2-He abundances on a trilinear
diagram established by Giggenbach (1992). This diagram distinguishes
among tectonic settings (rift and arc volcanic settings) and fluid sources
(atmosphere and mantle). CH4 was studied because abiotic CH4 may be
sourced from juvenile carbon from themantle or high temperature syn-
thesis reactions of CO2 and H2 (Welhan, 1988). Helium isotopes ana-
lyzed from dissolved gases were used to distinguish mantle and
crustal components. Helium isotopes are reported as the term “RC/RA,”
which is the 3He/4He ratio normalized by the 3He/4He ratio of air



Fig. 4. Stable isotopesof hydrogen and oxygen. The stable isotopes of hydrogen and oxygen showhow springwater samples compare to theGlobalMeteoricWater Line (GMWL), shown as
a black line. Western and eastern spring water samples (yellow and black symbols, respectively) plot close to the GMWL showing the dominance of meteoric H2O. Conversely, the Valles
Caldera well samples (VC and Bacawells – red symbols) are a part of a geothermal system that underwent water-rock interaction seen as a roughly horizontal trend extending away from
the GMWL (Goff and Gardner, 1994; Truesdell and Janik, 1986).
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(Clarke et al., 1976) and corrected for air contamination (Hilton, 1996;
Porcelli and Ballentine, 2002). The mantle contains the majority of the
earth's 3He compared to the crust, and radioactive decay processes in
the crust produce significant amounts of 4He that lowers the 3He/4He
ratio in rising endogenic fluids (Ballentine et al., 2002). Fluids with
less crustal influence have higher 3He/4He ratios. The fluids emanating
from mid-ocean ridges have values of 8 ± 1 RC/RA (Poreda et al.,
1992) and sources with no mantle input (i.e. in cratons) are below
0.02 RC/RA (Andrews, 1985). It is accepted that values of N0.1 RC/RA in-
dicate a significant mantle-derived volatile component (Ballentine
et al., 2002). In addition to RC/RA, the CO2/3He ratio is commonly studied
because this ratio is well constrained for MORB fluids and increased ra-
tios may reflect geothermal processes (Sano et al., 1988; Marty et al.,
1989).
2.5. Significance of travertine

Travertine, commonly found in the study area, signifies a hydrau-
lic connection between spring water and a subsurface reservoir of
CO2. Each mole of CaCO3 deposited as travertine requires a mole of
CO2 to be degassed from the subsurface (Chafetz and Folk, 1984;
Crossey et al., 2006, 2009). Furthermore, Priewisch et al. (2014) ar-
gued that travertine deposition in this area is facilitated by endo-
genic CO2. The introduction of CO2 in water causes limestone to
dissolve increasing the concentration of Ca2+ and HCO3

– ions in solu-
tion (Crossey et al., 2006). The species of dissolved inorganic carbon
(e.g., H2CO3, HCO3

−
, CO3

2−) is pH dependent. Neutral waters have
dominantly HCO3

–, aqueous CO2 exists at low pH values (below ~5),
and CO3

2– exists at pH values above ~11 (Drever, 1997). Because the
pH of samples collected in this study were all between 5 and 11,
we focused on chemical equations using HCO3

−. The chemical equa-
tions describing travertine deposition are shown in the mass bal-
ances below: 1) dissolution of limestone due to corrosive fluids
with external CO2 (Cext) and 2) the deposition of travertine due to
CO2 degassing (Crossey et al., 2006).

External CO2 gð Þ þH2Oþ CaCO3 limestoneð Þ→Ca2
þ

aqð Þ þ 2HCO3
‐
aqð Þ ð1Þ

Ca2
þ

aqð Þ þ 2HCO3
‐
aqð Þ→CO2 gð Þ þH2Oþ CaCO3 travertineð Þ ð2Þ

3. Methods

3.1. Sample collection

Spring water parameters were measured in the field for tempera-
ture, pH, and conductivity. Springwaterwas collected in twoHDPE con-
tainers, one container was filled with filtered water and then acidified
for cation analysis and the second container was unpreserved for
anion and stable isotope analysis. Gas samples were collected in a
Giggenbach bottle by inserting a hollow metal pole into the spring
opening with plastic tubing connecting the pole to the Giggenbach bot-
tle. TheOjo Caliente gas sampleswere collected in 12mLglass vialswith
a rubber seal; gas collection was done by filling the vials with spring
water and then displacing the spring water with gas bubbles
(Cartwright et al., 2002). A subset of the samples, analyzed for noble
gas isotopes, were collected in refrigeration-grade copper tubes sealed
by cold welding with steel clamps. The copper tube method consisted
of attaching plastic tubing on both ends of the copper tubing, then flush-
ing the copper tube apparatus with approximately 50 volumes of spring
water before clamping on both ends (Griesshaber et al., 1992; Newell
et al., 2005).

3.2. Analytical methods

Stable isotopes of hydrogen and oxygen were analyzed using a
Picarro WS-CRDS-based analyzer in the Center of Stable Isotopes at
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the University of New Mexico (UNM). The Picarro had an evaporator
system able to analyze liquid water for H2

18O, H2
16O and HD16O (Gupta

et al., 2009). The isotope results were referenced to Vienna Standard
Mean Ocean Water (Sharp, 2007).

Major ion and trace element chemistry was analyzed in the Analyt-
ical Laboratory of the Department of Earth and Planetary Sciences of
UNM. Alkalinity was determined by end point titration with sulfuric
acid, anions were analyzed using the Dionex DX-500 ion chromato-
graph using EPA Method 300.1, Revision 1.0, (Hautman and Munch,
1997), and cations were analyzed using the Perkin Elmer Optima
5300DV inductively coupled plasma optical emission spectroscopy
and the Perkin Elmer NexION 300 D mass spectrometer using EPA
Method 200.7, Revision 4.4, (Martin et al., 1994).

Gas abundance analyses of He, H2, Ar, N2, O2, CH4, and CO was com-
pleted by using both a Gow-Mac series G-M 816 Gas Chromatograph
(GC) and a Pfeiffer Quadrupole Mass Spectrometer (QMS) in the Volca-
nic Geothermal Fluid Analysis Laboratory at UNM. The relative abun-
dances of CO2, CH4, H2, Ar + O2, N2 and CO were measured with the
GC using He as the carrier gas, and the relative abundances of He, Ar,
Table 2
Trace element concentrations (mg/L) and stable isotopes of hydrogen and oxygen.

Sample name F Br Li B As Cl/Br δ18O
(‰)

δD (‰)

Western Rio Grande rift springs
La Madera Mother spring
(a)

1.63 0.30 0.28 0.48 BDL 339 −14.4 −99.5

La Madera Mother spring
(a)

0.91 0.41 0.22 0.54 BDL 244 −14.1 −97.5

La Madera pool (a) 1.67 0.30 0.29 0.49 BDL 367 −14.4 −100.1
La Madera pool (a) 0.93 0.41 0.24 0.60 BDL 269 −14.2 −99.2
Ojo Caliente Well (a) 15.4 0.69 4.29 1.42 0.21 351 −14.5 −107.5
Ojo Caliente Lithium
spring (a)

13.1 0.66 4.20 1.34 0.19 352 −14.7 −107.3

Ojo Caliente Iron spring
(a)

14.1 0.78 4.26 1.43 0.20 307 −14.4 −106.7

Statue spring (a) 1.54 0.29 0.51 0.52 0.04 434 −13.8 −99.1
Statue spring (a) 0.87 0.52 0.21 0.53 BDL 189 −14.0 −98.3

Eastern Rio Grande rift springs
Black Rock spring (a) 3.0 0.59 0.42 0.30 0.04 115 −14.7 −103.3
Manby spring (a) 3.5 1.18 0.27 0.29 0.02 43.3 −14.4 −103.9
Bear Crossing spring (a) 0.88 0.55 0.03 0.07 0.01 14.1 −15.4 −105.7
Ponce de Leon spring (a) 12.7 0.74 0.37 0.57 0.01 150 −13.2 −94.4

Meteoric Waters in study area
Big spring (a) 1.1 BDL 0.13 0.07 0.03 NR −15.1 −106.8
Taos Junction spring (a) 1.7 BDL 0.18 0.17 0.02 NR −15.3 −108.4
Rio Grande Spring (a) 0.95 0.09 0.16 0.08 0.02 51.4 −14.7 −102.9
No Agua well (a) 0.37 0.45 0.01 0.03 BDL 5.5 −14.8 −105.3
Tusas warm Spring (a) 0.18 BDL BDL 0.03 BDL NR −15.8 −109.5
Picuris warm Spring (a) 0.15 BDL 0.03 0.03 0.03 NR −13.8 −95.5

Valles Caldera springs and wells
Footbath (b) 10.6 b0.4 0.17 0.2 NR NR −20.4 −82.1
Women bath (b) 5.2 b0.4 0.17 0.2 0.04 NR −8.5 −60.8
Valles Caldera well
VC-2A (b)

5.7 5.9 26.5 25.6 1.92 499 −7.1 −74.4

Valles Caldera well VC-2B
(b)

5.7 13.6 32.8 29.6 b0.1 305 −7.5 −85.2

Baca well 13 (b) 7.2 5.3 17.0 17.0 1.6 358 −9.9 −87.0
Baca well 15 (b) 5.5 5.9 15.0 17.0 2.3 355 −8.5 −84.0
Baca well 24 (c) NR NR NR NR NR NR −8.6 −82.0
Baca well 4 (c) NR NR NR NR NR NR −10.0 −87.5

Valles Caldera SW geothermal outflow springs
Soda Dam (b) 3.3 4.6 13.8 12.1 1.5 329 −10.6 −84.9
Jemez spring (b) 5.0 2.4 8.9 7.34 0.7 377 −10.5 −81.9

(a) This study; (b) Goff and Gardner, 1994; (c) Truesdell and Janik, 1986.
NR - Not Reported.
BDL - Below Detection Limit.
O2 and N2 were measured in the QMS (Lee et al., 2016). The samples
were connected to the GC and QMS with high vacuum lines that were
designed to trap water in containers frozen with liquid nitrogen
(Hilton, 1996).

Carbon isotopes were analyzed for water either collected in a HDPE
bottle or copper tube, the container used for each sample is specified in
Table 4. The carbon isotopes measured for water samples from HDPE
bottles were analyzed in the Center of Stable Isotopes at UNM using
the FinniganDelta Plus isotope ratiomass spectrometer with a Finnigan
MAT GasBench II. The procedure starts with adding thewater sample to
a vial under vacuum with a syringe, then adding phosphoric acid to
cause a reaction with the water that produces CO2 gas. The CO2 gas is
then carried to the mass spectrometer with helium as the carrier gas
(Torres et al., 2005). Carbon isotopes measured for water samples
from copper tubes were analyzed at the Rare Gas Laboratory at the Uni-
versity of Rochester, NY, using a Thermo Fisher Delta V IRMS, following
methods from Darrah et al. (2013, 2014).

Strontium isotope analyses were performed in the Radiogenic Iso-
tope Laboratory of UNM. Strontiumwas extracted from the water sam-
ple in a polypropylene column with strontium resin (product number
LOT SRA 121517) described by De Muynck et al. (2009). First, the col-
umn was prepared by adding strontium resin and rinsing it with 3 N
HNO3 to remove matrix elements, for example Ca2+ and Rb+ (De
Muynck et al., 2009). Then 18 MΩH2Owas added to remove strontium
from other sources. After the column was prepared, the spring water
sample was added and rinsed with 3 N HNO3 to remove matrix ele-
ments. Strontium was drained from the column by adding 18 MΩ H2O
and collected into a vial. The vialwas then heated on a hot plate to evap-
orate water leaving behind dried strontium. The dried strontium was
dissolved with 3%HNO3 and analyzed in the ThermoFinnigan Neptune
multiple collector ICP-MS (De Muynck et al., 2009; Ma et al., 2013).

Total helium concentration and the helium isotopic ratio (3He/4He)
were analyzed at one of the following laboratories, the Noble Gas Labo-
ratory at The Ohio State University, the Rare Gas Laboratory at the Uni-
versity of Rochester, or the Fluids and Volatiles Laboratory at Scripps
Institution of Oceanography. The isotopic analyses were completed
using the respective noble gas isotope ratiomass spectrometers and an-
alytical techniques that have been described previously (Poreda and
Farley (1992), Hilton (1996), Hunt et al. (2012), and Darrah et al.
(2013, 2014)).

3.3. Sources of CO2 - Carbon isotope calculations

Quantifying the amount of carbon from different reservoirs using
water chemistry was developed by Fontes and Garnier (1979), further
explained in Chiodini et al. (2004), and modified in Crossey et al.
(2009). The three sources of carbon are from the dissolution of carbon-
ates (Ccarb), organic sources such as soil and plant degassing (Corg), and
endogenic sources such as magmas and CO2 from geothermal fluids
(Cendo). These sources of carbon contribute to the total DIC (H2CO3,
HCO3, CO3).

To correct for any Ca2+ and Mg2+ derived from gypsum and other
sulfates, SO4

2− activity was subtracted from the concentration of Ca2+

and Mg2+ (in mol/L). Then Ccarb was calculated by adding the concen-
trations (inmol/L) of remaining Ca2+ andMg2+ as themolar equivalent
of CO2 dissolved from limestone and dolomite. This results in a mini-
mum estimation of the carbon derived from dissolution of carbonates
and sulfates, termedCcarb. The Ccarb calculation is shown in the following
mass balance: Ccarb = Ca2+ + Mg2+ − SO4

2−. Ccarb is then subtracted
from the total DIC to derive external carbon (Cext = DIC – Ccarb). Cext is
then resolved into model endmembers Corg and Cendo using stable iso-
topes. This involves adjusting themeasured carbon isotope value to “re-
move” the proportion due to Ccarb which is assigned a value of δ13C-
CaCO3 = 0 to 1‰ typical of sedimentary inorganic carbon (carbonates)
(Sharp, 2007). This study used 0‰ because the Pennsylvanian Madera
Limestone is common in northern New Mexico (Crossey et al., 2011).
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This correction results in the carbon isotope value of the external carbon
shown in the equation below:

δ13Cext ¼ δ13CDIC � DIC
� �

‐ δ13Ccarb � Ccarb

� �� �
=Cext Crossey et al:; 2009ð

ð3Þ

4. Results

The western springs were more acidic and had higher conductivity
measurements than the eastern springs (Table 1). The pH at Ojo
Caliente was 6.63, LaMaderawas 6.02, and Statue springwas 6.34. Con-
ductivity at Ojo Caliente was 4240 μS, La Madera was 1250 μS, and
Statue spring was 1610 μS. The highest temperature at Ojo Caliente
was 53.2 °C, La Madera was 26.1 °C, and Statue spring was 28.5 °C.
Springs on the eastern side of the RGR had a pH range of 7.0 to 8.6, con-
ductivity ranged from 232 to 830 μS, and temperature ranged from 16.8
to 39.1 °C.

Fig. 4 shows the stable isotope data of oxygen and hydrogen
(Table 2). Springs from both the western and the eastern sides of the
RGR plot to the left of the GMWLwith the exception of the Ojo Caliente
springs, which plot on and to the right of the GMWL. Four groups ofme-
teoric waters (blue symbols) were plotted on Fig. 4. Three of the mete-
oric groups plot to the left of the GMWL, including rivers in the Sangre
de Cristo Mountains (Tolley, 2014), springs of the Taos Plateau (this
study), and groundwater samples from the Taos Plateau (Johnson and
Bauer, 2012). The Johnson and Bauer (2012) groundwater data was
Fig. 5. Piper diagram of the study area and Valles Calderawater samples. The Piper diagram rela
plot in the left-hand corner (Ca2+–HCO3−) of the parallelogram. The yellow symbols represen
symbols represent spring water from the eastern RGR and show a mixing trend from Ca2+–HC
by pink symbols, plot near the Na+-Cl− corner.
used to create the Taos Plateau Local Meteoric Water Line. The fourth
meteoric group was the groundwater samples near the town of Taos
(Drakos et al., 2004), which plot to the right of the GMWL. Well water
samples from the Valles Caldera and the southwestern outflow springs
of the Valles Caldera (Soda Dam and Jemez springs) plot along a sub-
horizontal trend to the right of the GMWL (Goff and Gardner, 1994).

In Fig. 5, meteoric springs of the Taos Plateau plot near the Ca2+–
HCO3

– corner of the parallelogram of the Piper diagram. Of the western
springs, Ojo Caliente springs had dominantly Na+–HCO3

– ions and La
Madera/Statue springs were characterized by Ca2+-Na+-SO4

2−–HCO3
–

ions (Table 3A). Ojo Caliente springs had particularly high [Na+] and
[HCO3

−] compared to La Madera/Statue springs. Ojo Caliente springs
had [Na+] of 983 mg/L whereas La Madera/Statue springs had [Na+]
of 160 to 193 mg/L; and Ojo Caliente springs had [HCO3

−] of
2027 mg/L whereas La Madera/Statue springs had [HCO3

−] of 660 to
790 mg/L. The eastern springs plot along a mixing trend on the Piper
parallelogram from Ca2+–HCO3

– to Na+-Cl− waters. The eastern springs
had the lowest [HCO3

−] of 92 to 204 mg/L. The Valles Caldera springs
(WOM and FB) were acid sulfate waters, therefore they plot near the
SO4

2− corner of the anion triangle of the Piper diagram. The Valles Cal-
dera wells (VC and Bacawells) plot near the Cl− corner of the anion tri-
angle and in the Na+-Cl− corner of the parallelogram (Goff and
Gardner, 1994).

Ojo Caliente springs had greater concentrations of trace elements
than the eastern and other western springs of this study (Table 2). Ojo
Caliente results were [Li] at 4.29 mg/L and [B] at 1.43 mg/L. The La Ma-
dera/Statue springs, on thewestern side, had lower [Li] at 0.29mg/L and
[B] at 0.54 mg/L and the eastern RGR springs also had lower [Li] at
tes water samples based onmajor ions. The blue symbols aremoremeteoric and generally
t spring water from the western RGR, which have a large range of water types. The black
O3– to Na+-Cl− waters. The geothermal plume waters of the Valles Caldera, represented



Table 3
Major ion concentrations (mg/L).

Sample name Ca Mg Na K HCO3 Cl SO4 Balance
%

Western Rio Grande rift springs
La Madera Mother
spring (a)

138 52.5 174 18.2 674 101 268 −0.5

La Madera pool (a) 148 55.2 185 20.7 790 109 286 −3.4
Ojo Caliente Well (a) 19.5 6.5 980 34.5 2027 243 150 2.1
Ojo Caliente Lithium
spring (a)

24.1 9.2 949 32.2 2011 232 146 1.7

Ojo Caliente Iron spring
(a)

21.9 7.9 983 33.3 2026 239 148 2.6

Statue spring (a) 129 56.3 160 13.3 660 128 216 −1.6
Statue spring (a) 133 50.2 160 17.9 703 97.9 252 −3.6

Eastern Rio Grande rift springs
Black Rock spring (a) 21.2 5.2 149 11.7 196 68.0 141 1.1
Manby spring (a) 24.6 4.7 128 9.8 204 51.1 131 −0.6
Bear Crossing spring (a) 16.3 4.9 20.5 2.8 110 7.7 11.5 −1.6
Ponce de Leon spring (a) 10.7 0.7 150 4.1 91.5 111 150 −3.6

Meteoric Waters in study area
Big spring (a) 29.5 1.7 28.3 4.9 164 2.2 10.8 −0.1
Taos Junction spring (a) 14.4 1.5 101 4.1 282 2.8 20.8 1.9
Rio Grande Spring (a) 34.4 6.2 33.2 3.4 141 4.8 68.0 −1.4
No Agua well (a) 23.9 4.9 10.4 4.6 115 2.5 3.2 3.2
Tusas warm Spring (a) 30.8 4.2 4.3 2.1 137 0.9 1.3 −4.0
Picuris warm Spring (a) 5.3 1.4 1.3 0.8 20.7 0.6 2.5 0.8
Valles Caldera springs and wells
Footbath (b) 56 26.5 10.8 94 BDL BDL 7900 −81
Women bath (b) 131 50 18.9 72 BDL 1.5 6400 −90
Valles Caldera well
VC-2A (b)

5.9 0.14 1842 308 273 2943 55 −0.2

Valles Caldera well
VC-2B (b)

78.5 0.76 2350 700 105 4150 7.8 2.1

Baca well 13 (b) 3.4 0.04 1146 244 168 1897 42 −0.8
Baca well 15 (b) 12.4 0.02 1196 261 48 2093 29 −0.9

Valles Caldera SW geothermal outflow springs
Soda Dam (b) 331 23.6 1006 180 1527 1513 35.3 −1.2
Jemez spring (b) 129 4.7 644 69.0 729 905 41.5 −2.3
Zia hot well (b) 282 54.8 3320 63.3 1445 2890 3030 −1.1

(a) this study; (b) Goff and Gardner, 1994.
BDL - below detection limit.
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0.42 mg/L and [B] at 0.57 mg/L. Ojo Caliente had the greatest Cl/Br ratio
of 433, La Madera had the next greatest at 244, and the eastern springs
ranged from 14 to 150 (Table 2).

Fig. 6 is a plot of the total carbon concentrations derived from exter-
nal sources (Cext in mol/L) versus the external carbon isotope value
(δ13Cext in‰). Samples plot onmixing arrays using idealized endmem-
bers (Craig, 1953). The organic δ13C endmember range is−22 to−34‰
for C3 plants, −9 to −16‰ for C4 plants (Robinson and Scrimgeour,
1995), and − 15 to −19‰ for arid soils from west Texas (Deines
et al., 1974). The Cendo δ13C endmember was derived empirically from
Ojo Caliente (this study) and Valles Caldera data (Goff and Gardner,
1994; Goff and Janik, 2002), which ranged from−2.5 to−6.8‰. Valles
Caldera values were corrected for Ccarb using the same method as
springs in this study. The range of Ojo Caliente δ13C values was likely af-
fected by sampling technique, as noted by the samples collected in cop-
per tubes at various locations had more depleted values than those
collected in HDPE bottles. We theorize that the samples collected in
the HDPE containers degassed as the bottle was opened causing in-
creased ratios. As a result of degassing, the upper δ13C end member of
Ojo Caliente values may be artificially high.

As a reference for endogenic carbon isotopes values, northern New
Mexico and Colorado ranged from −3 to −5‰ (Crossey et al., 2011;
Karlstrom et al., 2013). Similar ranges were measured in the axial rift
zones of Iceland of −3.7 to −5.3‰ (Barry et al., 2014), the Icelandic
plume of −3.8‰ (Poreda et al., 1992), the Galapogos Archipelago of
−3.5‰ (Goff et al., 2000), and the Kilauea Volcano in Hawaii of −4.1
to−3.4‰ (Gerlach and Taylor, 1990). These values are in range of man-
tle values of−6.5 ± 2.5‰ (Sano and Marty, 1995). The inset triangular
plot in Fig. 6 shows the resulting proportions of the carbon sources
based on carbon isotopes using the calculation in Section 4 “Sources of
CO2 – Carbon isotope calculation.”

In Fig. 6, the Valles Caldera geothermal outflow plume waters (pink
symbols) plot along the same mixing line defined by Ojo Caliente and
Valles Caldera values. La Madera springs also plot along this mixing
line with a Cext concentration of 0.026 mol/L and δ13Cext of −2.4‰.
The eastern springs, Manby and Black Rock, had δ13Cext values similar
to the western springs of −3.6 and − 4.5‰, though they had lower
Cext concentrations of 0.0038 and 0.0030 mol/L. The two other eastern
springs, Bear Crossing and Ponce de Leon, had δ13C values of −7.2 and
− 9.2‰, which plot closer to an organic source. Carbon isotope data is
shown in Table 4.

Strontium results showed a large variation among spring locations.
Ojo Caliente springs had 87Sr/86Sr ratios of 0.747 and [Sr] of 1.35 mg/L,
La Madera and Statue springs had lower 87Sr/86Sr ratios of 0.718 and
[Sr] of 1.07 to 1.15 mg/L (Table 5). Spring waters on the eastern side
of the RGR had the lowest 87Sr/86Sr ratios ranging from 0.708 to 0.713
and [Sr] of 0.39 to 0.42mg/L. The eastern spring group values were sim-
ilar to the RioGrandeRiver values in northernNewMexico (Mills, 2003)
(Fig. 7). The Valles Caldera VC-wells had similar [Sr] as Ojo Caliente and
La Madera/Statue springs of 0.76 to 1.22 mg/L, and a similar range of
87Sr/86Sr ratios of 0.71867 to 0.73690 (Goff and Gardner, 1994). The
Valles CalderaWomen's bathhouse spring (WOM) had low [Sr] because
the spring water mostly formed from vapor that condensed to a liquid.
Dissolved strontium is not volatile, therefore fluids formed from con-
densed gases would not contain strontium.

The abundances of Ar-N2-He in Fig. 8 show differences among the
sides of the RGR. The western springs plot along a mixing line between
helium-rich gases and air. Conversely, the eastern springs do not plot
along thismixing line, because they had excess N2 (Table 6). The second
difference between the sides of the RGR was higher CH4 abundance in
the western springs. Ojo Caliente had CH4 gas abundances of 0.02 to
0.09% and La Madera/Statue springs had 0.01 to 0.26%, whereas all of
the eastern springs had non-detectable CH4 with the exception of
Manby at 0.01%.

In Fig. 9, RC/RA values are presented along the bottom axis of the
trilinear plot of 3He, 4He and CO2. Helium isotope values in the west-
ern springs were 0.14 to 0.39 RC/RA and eastern spring values were
0.13 to 0.32 RC/RA (Table 7), therefore among both east and west
sides of the RGR there is 1.6 to 4.8% mantle derived helium assuming
a MORB end member of 8 ± 1 RA (Craig and Lupton, 1976; Craig,
1977; Poreda et al., 1992). Valles Caldera data (Goff and Janik,
2002) plot closer to the 3He apex and spread along the CO2/3He
axis. The CO2/3He values at Ojo Caliente and La Madera/Statue
springs ranged from 9.92 × 109 to 1.14 × 1010 and 8.91 × 1010 to
4.56 × 1011, respectively, and the eastern springs ranged from 1.60
× 1010 to 4.03 × 1010.

The western springs had higher PCO2 and CO2 concentrations than
the eastern springs. The modeled PCO2 of the western springs ranged
from 10−0.33 to 100.04 atm (Table 8); CO2 gas contents ranged from
0.03 to 30.7% from samples in collected in Giggenbach bottles and
vials (Table 6) and 41 to 86% (measured as ccSTP/cc) from samples col-
lected in copper tubes (Table 7). The eastern springs had PCO2 values
closer to atmospheric values (10–3.5) (Drever, 1997) ranging from
10−1.62 to 10–3.64; CO2 gas content ranged from 0.02 to 4.27% from sam-
ples collected in Giggenbach bottles and 32 and 33% from samples col-
lected in copper tubes. Similarly, the pH measurements of the western
springs are more acidic than the eastern springs. The pH range of the
western springs was 5.77 to 6.68 and the eastern springs was 7.0 to
8.60.



Fig. 6. External carbon plot of δ13Cext vs. Cext concentration. The carbon load in springs ismodeled as three components: CO2 derived fromdissolved carbonates, soil degassing from organic
material, and CO2 derived from endogenic degassing. The curved line is a mixing line between organic and endogenic carbon, and these end members added together is external carbon
(Cext). The organic endmember has lowexternal carbon concentrations andmore negative δ 13Cext values; the endogenic endmember has high external carbon concentrations and δ 13Cext
values empirically bracketed at−2.5 to−6.8‰. The bracketed endogenic values are established by Valles Caldera waters shown as red symbols (Goff and Janik, 2002; Truesdell and Janik,
1986) andOjo Caliente springs shownas yellow symbolswith δ 13Cext of−3.5 to−6.8‰. Of the springs in the study area, thewestern springs (yellow symbols) had greater external carbon
concentrations than the eastern springs (black symbols) as shown along the x-axis. Among the eastern springs,Manby andBlack Rock had δ13Cext values characteristic of endogenic origins
(−3.6 and−4.5‰), and Bear Crossing and Ponce de Leon had lighter δ 13Cext values (−7.2 and− 9.2‰) trending towards the organic endmember. The inset is a trilinear diagram showing
the percentages of each CO2 source.Most of the springs in the study plot near the endogenic apex and themeteoric springs (blue symbols) trend away from the endogenic apex and have
about equal percentages of Ccarb and Corg.
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5. Discussion

Goff and Gardner (1994) studied the hydrochemistry of the Valles
Caldera geothermal waters and showed a geothermal outflow plume
flowing along the Jemez fault and discharging at springs, in particu-
lar at Soda Dam and Jemez springs. McGibbon et al. (2018) extended
this idea by studying spring waters further southwest along the
Jemez fault near San Ysidro, NM. Evidence of distal effects of the
Valles Caldera in San Ysidro springs are shown with carbon isotopes,
CO2 abundance, non-reactive gases, and presence of travertine de-
posits (McGibbon et al., 2018). Gas data from the Valles Caldera,
Soda Dam, Jemez, and San Ysidro springs (Goff and Janik, 2002;
McGibbon et al., 2018) plotted against distance from the Valles Cal-
dera reveal exponential trends exposing possible distal effects of
the Valles Caldera at distances of 50 km, which is further than previ-
ously accepted (Figs. 10 & 11). The exponential trend may be related
to the gas-phase migrating and partitioning lighter gases during
transport (Darrah et al., 2013).

With the same type of data plotted to the northeast of the Valles Cal-
dera, exponential chemical trends are not as apparent, though this could
be due to lack of data at closer distances to the Valles Caldera. Additional
springs to the northeast are plotted to show regional trends, including
Chimayó and Abiquiú. Even though these trends to the northeast are
not as well defined, distal influences of the Valles Caldera to the north-
east may become apparent by comparing the hydrochemistry of the
east and west sides of the RGR in northern New Mexico with that of
the Valles geothermal system.
5.1. Discussion: comparison of eastern and western spring groups

The eastern (BR, MBY) and western (OC, LM, STU) spring groups of
the RGR share two commonalities: 1) the isotopes of hydrogen and ox-
ygen showed that waters are dominantly of meteoric origin, and 2) de-
tectable amounts of mantle gases were present according to their
helium isotopic ratios.Many differences in hydrochemistrywere appar-
ent on either side of the RGR and is discussed in the following
paragraphs.

Analytical data showed Cl– as the dominate anion in the eastern
springs and HCO3

– in the western springs (Fig. 5). Among the western
springs, La Madera/Statue springs had a larger proportion of SO4

2−

than Ojo Caliente springs. The differences in major ions among Ojo
Caliente and La Madera/Statue springs could be from different water-
rock reactions, for example La Madera/Statue could have equilibrated
with gypsum increasing SO4

−2. The most notable difference among all
the springs in terms of major ion chemistry was greater [Na+] and
[HCO3

−] in Ojo Caliente springs.
Ojo Caliente springs contained higher concentrations of

geothermally-related trace elements (Figs. 12A–B) and Cl/Br ratios
compared to both the La Madera/Statue and the eastern springs. Low
Cl/Br ratios reveal meteoric origins and high ratios are indicative of sa-
line subsurfacewaters (Phillips et al., 2003; Hogan et al., 2007). The dif-
ferences among thewestern springs, LaMadera/Statue andOjo Caliente,
may be due to different water rock interactions, or La Madera/Statue
springs could have mixed with a greater volume of a shallow/meteoric
water.



Table 4
Carbon isotope and DIC.

Sample name Sample Container Measured δ13C (‰) δ13Cext (‰) DIC (mol/L) Ccarb (mol/L) Cext (mol/L) Ccarb(%) Corg (%) Cendo (%)

Western Rio Grande rift springs
La Madera Mother (a) HDPE −1.02 −1.1 0.0285 0.0028 0.026 8.0 0 92.0
La Madera Mother (a) CT −2.20 −2.4 0.0285 0.0023 0.026 8.0 0 92.0
La Madera pool (a) HDPE 2.32 2.8 0.0212 0.0034 0.018 16.1 0 83.9
La Madera pool (a) HDPE 3.47 3.8 0.0332 0.0030 0.030 9.0 0 91.0
Ojo Caliente Well (a) HDPE −3.47 −3.5 0.0454 0.0003 0.046 0.6 3.9 95.5
Ojo Caliente Well (a) CT −6.80 −6.8 0.0454 0.0003 0.045 0.6 16.8 82.6
Ojo Caliente Lithium spring (a) HDPE −3.45 −3.5 0.0440 0.0004 0.045 0.9 3.5 95.6
Ojo Caliente Iron spring (a) HDPE −3.54 −3.6 0.0460 0.0003 0.047 0.7 4.3 95.0
Statue spring (a) HDPE 0.36 0.4 0.0201 0.0033 0.017 16.3 0 83.7

Eastern Rio Grande rift springs
Black Rock spring (a) HDPE −4.23 −4.5 0.0032 0.00018 0.0030 5.7 7.4 87.0
Manby spring (a) HDPE −3.47 −3.6 0.0039 0.00020 0.0038 4.9 4.1 91.0
Bear Crossing spring (a) HDPE −5.32 −7.2 0.0019 0.00049 0.0014 26.0 13.6 60.3
Ponce de Leon spring (a) HDPE −9.05 −9.2 0.0015 0.00003 0.0014 2.0 25.7 72.2

Meteoric Waters in study area
Big spring (a) HDPE −7.90 −10.5 0.0028 0.00069 0.0021 25.0 23.5 51.5
Taos Junction spring (a) HDPE −6.00 −6.3 0.0047 0.00020 0.0045 4.3 14.3 81.4
Rio Grande Spring (a) HDPE −9.33 −11.0 0.0026 0.00040 0.0022 15.6 28.1 56.3
No Agua well (a) HDPE −7.25 −10.9 0.0023 0.00076 0.0015 33.3 22.0 44.7
Tusas warm Spring (a) HDPE −13.11 −20.9 0.0025 0.00093 0.0016 37.1 45.4 17.5
Picuris warm Spring (a) HDPE −9.04 −9.4 0.0045 0.00017 0.0043 3.7 26.0 70.2

Valles Caldera springs and wells
Footbath (b) Gas sampling bottle −2.47 −2.5 0.314 0.0011 0.31 0.4 0 99.6
Valles Caldera well VC-2A (b) Gas sampling bottle −4.99 −5.0 0.054 BDL 0.054 0 9.8 90.2
Valles Caldera well VC-2B (b) Gas sampling bottle −3.30 −3.3 0.387 0.0019 0.385 0.5 3.2 96.3
Baca well 13 (c) Gas sampling bottle −4.51 −4.5 0.0053 BDL 0.0053 0 7.9 92.1
Baca well 15 (c) Gas sampling bottle −4.77 −4.8 0.0015 BDL 0.0015 0 9.0 91.0
Baca well 24 (c) Gas sampling bottle −4.80 −4.8 0.012 BDL 0.012 0 9.0 91.0
Baca well 4 (c) Gas sampling bottle −4.73 −4.7 0.014 BDL 0.014 0 8.7 91.3

Valles Caldera SW geothermal outflow springs
Soda Dam (b) Gas sampling bottle −4.90 −5.6 0.050 0.0062 0.044 12.3 10.7 77.1
Jemez spring (b) Gas sampling bottle −5.15 −6.6 0.015 0.0032 0.011 21.9 12.6 65.5

(a) This study; (b) Goff and Janik, 2002; (c) Truesdell and Janik, 1986.
Valles Caldera and geothermal outflow plume samples were dry gas.
HDPE - Carbon isotopes analyzed from water collected in a high density polyethylene bottle.
CT - Carbon isotopes analyzed from gases exolved from water in a copper tube.
BDL - Below detection level.
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The highest 87Sr/86Sr ratios were observed fromOjo Caliente springs
(Fig. 7) and is interpreted as long fluid flow through granitic bedrock.
Lower 87Sr/86Sr ratiosweremeasured at LaMadera/Statue springs com-
pared to Ojo Caliente, which could again be due to different water-rock
interactions or greater contribution of a shallowmixing endmember in
La Madera/Statue springs. The eastern spring 87Sr/86Sr ratios were
slightly lower than La Madera/Statue springs.

The fourth major contrast is greater [He] measured in Ojo
Caliente springs. In Fig. 8, Ojo Caliente and La Madera/Statue springs
form a mixing line from He-rich samples to excess air-saturated
samples (Weiss, 1971a, 1971b). Ojo Caliente springs plot near the
He apex and La Madera/Statue springs plot as gases enriched in N2/
Ar, related to either the introduction of excess N2 or N2/Ar fraction-
ation during fluid transport (Snyder et al., 2003; Darrah et al.,
2013). Based on the lack of excess air components (e.g., extreme Ar
or Kr enrichment) in most samples and low Kr/Ar (Table 7), we sug-
gest that although the trend appears to be a mixture between a
helium-rich end-member and air, it actually relates to mixing be-
tween a helium-rich end-member and a migrated gas-phase that
has partitioned lighter gases (Ne, N2) preferentially into the gas
phase and/or accumulated excess N2 during transport (Darrah
et al., 2013). The partitioning of lighter gases occurs by a carrier
gas, typically CO2, percolating through water and extracting dis-
solved gasses such as Ne or N2; accumulated excess N2 during
transport occurs by water-rock interaction of mantle derived fluids
with shallow crust (Darrah et al., 2013). The eastern springs show
unclear mixing trends in Fig. 8, but all have a greater abundance of
N2 than the western springs, showing the spring groups are unre-
lated. Excess N2 found in the eastern springs is consistent with the
interactions between geothermal fluids and clay minerals rich in or-
ganic matter and organic nitrogen.

The defining feature of thewestern springs are higher abundances of
CH4, CO2, Cendo (deep carbon), HCO3, and PCO2 than the eastern springs.
The eastern springs had no detectable CH4 with the exception of Manby
spring at a low concentration. CH4 in thewestern springs is not believed
to be associated with hydrocarbons due to no evidence of longer hydro-
carbon chains, and is instead associated with reactions within hydro-
thermal systems among CO2 and H2 (Welhan, 1988). This abiotic CH4

coupled with greater abundances of CO2, Cendo, HCO3, and higher PCO2
suggest thewestern springs aremore carbonic. Higher PCO2 values likely
affected pH values since the western springs were more acidic than the
eastern springs.

Springs on both sides of the RGR had similar δ13Cext values andwere
all within range of endogenic carbon (only considering Black Rock and
Manby on the eastern side). Our interpretation is that these springs
have deeply derived CO2 based on carbon isotopes, but the eastern
springs have both lower fluxes of mantle-derived CO2 and a higher pro-
portion of CO2 derived from the breakdown of organic matter and



Table 5
Radiogenic strontium ratios and concentrations.

Sample name Sample date Latitude Longitude 87Sr/86Sr Sr (mg/L) Rb (mg/L) Host rock/aquifer

Western Rio Grande rift springs
La Madera Mother Spring (a) 1/4/2015 36.361000 −106.041930 0.718301 1.15 NA Quaternary travertine
Ojo Caliente Well (a) 9/10/2015 36.305492 −106.051980 0.747376 1.30 NA Precambrian metarhyolite
Ojo Caliente Iron Spring (a) 9/10/2015 36.304346 −106.053002 0.746596 1.35 NA Precambrian metarhyolite
Statue Spring (a) 9/10/2015 36.382080 −106.060130 0.718129 1.07 NA Santa Fe Group

Eastern Rio Grande rift springs
Black Rock Spring (a) 1/6/2015 36.530668 −105.712160 0.707885 0.41 NA Tertiary Servilleta basalt
Manby Spring (a) 9/10/2015 36.5083 −105.7241 0.707994 0.39 NA Tertiary Servilleta basalt
Ponce de Leon Spring (a) 1/6/2015 36.323830 −105.506200 0.713287 0.23 NA Ojo Caliente SS and Servillta Basalt

Meteoric Waters in study area
Taos Junction Spring (a) 1/5/2015 36.334180 −105.736540 0.707761 0.27 NA Santa Fe Group

Rio Grande river samples
Taos Junction Campground (b) January 2001 36.336147 105.733700 0.708936 0.36 NA River Sample
Cochiti Dam (b) August 2001 35.616908 106.325053 0.709607 0.55 NA River Sample
Cochiti Dam (b) January 2001 35.616908 106.325053 0.709745 0.64 NA River Sample
Albuquerque (b) August 2001 35.089320a −106.680502a 0.709672 0.77 NA River Sample
Albuquerque (b) January 2001 35.089320a −106.680502a 0.709931 0.84 NA River Sample

Valles Caldera springs and wells
Jemez Women bathroom (c) June 1985 35.906420 −106.616397 0.710614 0.14 0.1 Bandelier tuff and Rhyolite
VC-2A (d) 8/27/1987 35.907595 −106.615534 0.718670 0.76 4.3 Hydrothermally altered zone
VC-2B (d) 1/17/1990 35.91013 −106.60949 0.736900 1.22 11.5 Hydrothermally altered zone
Baca 13 well in Redondo Graben (c) 1982–1988 35.896512 −106.568831 0.708423 0.14 2.7 Lower Bandelier tuff and andesites (Keres group)
Baca 15 (c) Sept. 1982 35.893188 −106.580717 0.709412 0.13 3.1 Lower Bandelier tuff and andesites (Keres group)

Valles Caldera SW geothermal outflow springs
Soda Dam (c) June 1985 35.792289 −106.686790 0.721932 1.5 1.8 Altered limestone, Madera and Sandia Formation
Jemez spring (c) June 1985 35.772038 −106.690775 0.721742 0.61 0.7 Altered limestone and shale, Madera Formation
Zia hot well in SE SJ Basin (c) June 1985 35.64559 −106.88910 0.715564 7.74 0.2 Paleozoic and Mesozoic sedimentary rocks

Valles Caldera rocks
VC-1 core hole (c) Sept. 1985 35.85 −106.61 0.715220 1.16 0.4 Altered limestone, Madera Formation
VC-1 core hole (c) May 1986 35.85 −106.61 0.715398 0.76 0.35 Altered limestone, Madera Formation
VC-1 (d) 9/5/1985 35.85 −106.61 0.715220 1.33 0.4 NR
VC-1 (c) Summer 1984 35.85 −106.61 0.704854 b300 137 Upper VC-1 tuff, whole rock
VC-1 (c) Summer 1984 35.85 −106.61 0.704766 b300 137 Middle VC-1 tuff, whole rock
VC-1 (c) Summer 1984 35.85 −106.61 0.704593 aprox. 750 aprox. 60 Andesiteic volcanic breccia
VC-1 (c) Summer 1984 35.85 −106.61 0.709709 aprox. 30 aprox. 165 Rhyolite in volcanic breccia
VC-1 (c) Summer 1984 35.85 −106.61 0.721411 NR NR Shale, La Madera Limestone
VC-1 (c) Summer 1984 35.85 −106.61 0.716129 NR NR Altered limestone, in La Madera Limestone
VC-1 (c) Summer 1984 35.85 −106.61 0.716355 NR NR Calcite vein, La Madera Limestone
VC-1 (c) Summer 1984 35.85 −106.61 0.756860 NR NR Shale, Sandia Formation
VC-1 (c) Summer 1984 35.85 −106.61 0.726106 NR NR Altered limestone breccia, Sandia formation

Wells in Taos
BOR 2A (e) 5/8/2002 36.382496 −105.599314 0.7123 NR NR Quaternary
Yaravitz (e) 5/7/2002 36.529307 −105.560466 0.7100 NR NR Precambrian
OW6 (e) 5/9/2002 36.442708 −105.562476 0.7113 NR NR Agua Azul (Servilleta Formation)
Landfill MW-1 (e) 5/9/2002 36.449635 −105.638763 0.7094 NR NR Agua Azul (Servilleta Formation)
BOR2B (e) 5/8/2002 36.382604 −105.599393 0.7156 NR NR Tertiary
RP2500 (e) 5/1/2002 36.377900 −105.663773 0.7086 NR NR Tertiary
BOR1-Deep (e) 5/9/2002 36.346765 −105.644987 0.7106 NR NR Tertiary
BOR 7 (e) 6/13/2002 36.494068 −105.622135 0.7074 NR NR Tertiary
BIA 9 (e) 6/13/2002 36.494068 −105.622135 0.7095 NR NR Quaternary
BOR 5 (e) 8/1/2002 36.466981 −105.5877085 0.7093 NR NR Quaternary

(a) This study; (b) Mills, 2003; (c) Vuataz et al., 1988; (d) Goff and Gardner, 1994; (e) Drakos et al., 2004.
NA - Not Analyzed.
NR - Not Reported.

a Coordinates estimated from Google Earth.
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crustal carbonates. The presence of carbonic springs only on the west-
ern side is an important finding because it raises the question of CO2

origins.
In summary, within the study area, Ojo Caliente waters had the

highest concentrations of Na, Cl, Li, B, HCO3, Cendo, Sr, He, highest
87Sr/86Sr ratios, and δ13Cext values typical of endogenic carbon. La Ma-
dera/Statue springs had lower amounts endogenic tracers compared
to Ojo Caliente. The eastern springs had the lowest presence of endo-
genic tracers and excess N2 (non-air-derived). Differences in water
chemistry among Ojo Caliente and La Madera/Statue springs is
interpreted as different water rock interaction and/or greater contribu-
tion of shallow/meteoric input into LaMadera/Statue springs. The main
similarity among Ojo Caliente and La Madera/Statue springs is the car-
bonic nature of the springs shown with higher concentrations of CH4,
Cendo, CO2, HCO3, and PCO2.

5.2. Discussion: comparison of Valles Caldera to Ojo Caliente

To explain greater concentrations of endogenic components in Ojo
Caliente springs, the Valles Caldera spring and well chemistries were



Fig. 7. Strontium isotope ratios versus strontium concentration. Both parameters were the greatest at Ojo Caliente compared to the remainder of the springs in the study area. Higher
radiogenic strontium in Ojo Caliente spring waters is evidence of water flowing through Precambrian granitic bedrock. The Valles Caldera VC-wells (Goff and Janik, 2002) had similar
range of data as the western springs (yellow symbols). The Valles Caldera Women's Bathhouse spring (WOM) had low [Sr] because the sample was of condensed gases and dissolved
strontium is not volatile. The eastern springs are low in both parameters similar to samples collected from the Rio Grande River (blue squares) (Mills, 2003).

Fig. 8. Dissolved gases of the springs in the study area and free gases of the Valles Caldera (Goff and Janik, 2002; Truesdell and Janik, 1986) are displayed as proportions of Ar-N2-He to
identify mixing trends between helium rich (endogenic) gases and air-like gases. The western springs (yellow symbols) plot along this mixing line with the greatest proportion of
helium at Ojo Caliente. All of the eastern springs (black symbols) had excess N2.
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Table 6
Dissolved gases of springs in the study and free gas of the Valles Caldera in volume %.

Sample name Ar He O2 CO2 H2 H2S N2 CH4 sum N2/Ar

Western Rio Grande rift springs
La Madera Mother spring (a) 1.32 0.07 0.10 7.93 1.03 NA 88.3 0.26 100.0 67.1
La Madera pool (a) 0.57 BDL 14.7 2.16 BDL NA 82.6 BDL 100.0 145
bOjo Caliente well (a) 0.85 1.35 9.82 2.65 BDL NA 85.2 0.09 100.0 101
bOjo Caliente Iron spring (a) 0.74 0.66 14.7 0.03 BDL NA 83.8 0.02 100.0 113
bOjo Caliente Lithium spring (a) 0.54 1.72 6.51 30.7 BDL NA 60.5 0.05 100.0 111
Statue spring (a) 0.83 0.06 17.4 25.5 BDL NA 56.2 0.01 100.0 67.8

Eastern Rio Grande rift springs
Black Rock (a) 0.60 0.02 13.5 0.94 BDL NA 84.9 BDL 100.0 142
Manby (a) 1.11 0.33 14.7 4.27 BDL NA 79.5 0.01 100.0 71.7
Bear Crossing (a) 0.80 0.03 17.5 2.00 BDL NA 79.6 BDL 100.0 99.2
Ponce de Leon (a) 0.84 0.08 16.8 0.02 BDL NA 82.3 BDL 100.0 97.6

Meteoric Waters in study area
Big Spring (a) 0.71 0.01 15.7 1.14 BDL NA 82.4 BDL 100.0 115
Taos Junction (a) 0.79 0.01 17.7 0.08 BDL NA 81.4 BDL 100.0 103
Rio Grande Spring (a) 0.55 0.01 15.0 1.51 BDL NA 82.9 BDL 100.0 152
Tusa warm (a) 2.05 0.04 24.4 3.58 BDL NA 70.0 BDL 100.0 34.2
No Agua (a) 1.14 0.03 15.0 1.47 BDL NA 82.3 BDL 100.0 72.0
Picuris warm spring (a) 1.24 0.01 14.3 0.37 BDL NA 84.0 BDL 100.0 67.5
aPicuris warm spring (a) 0.73 0.09 14.9 0.91 BDL NA 83.4 BDL 100.0 113

Valles Caldera springs and wells
aFootbath (b) 0.011 0.012 0.03 97.9 0.48 0.87 0.62 0.064 100.0 56.4
aWomen bathroom (b) 0.01 0.004 0.0041 98.5 0.1 0.71 0.69 0.016 100.0 69.0
aVC-2a well (b) 0.016 0.002 0.0005 97.1 0.25 0.72 0.9 0.017 99.0 58.8
aVC-2b well in situ (b) 0.0066 0.0051 0.11 96.9 1.85 0.81 0.29 0.24 100.2 43.9
aBaca Well 13 (c) 0.0042 0.0042 NR 99.3 0.0403 0.482 0.142 0.0207 100.0 33.8
aBaca Well 13 (c) 0.0058 0.0054 NR 99.2 0.0494 0.534 0.181 0.0244 100.0 31.2
aBaca Well 15 (c) 0.027 0.0022 NR 96.7 0.14 1.77 1.13 0.0253 99.8 41.9
aBaca Well 19 (c) 0.015 0.0061 NR 98.4 0.106 0.806 0.572 0.0633 100.0 38.1
aBaca Well 24 (c) 0.017 0.0016 NR 98.5 0.0542 0.672 0.721 0.018 100.0 42.4
aBaca Well 24 (c) 0.013 0.0018 NR 98.4 0.0323 0.778 0.679 0.0085 99.9 52.2
aBaca Well 4 (c) 0.0083 0.0067 NR 98.5 0.0645 0.995 0.353 0.0393 100.0 42.5
aTony's spring (b) 0.0081 0.005 0.007 98.8 0.29 0.87 0.62 0.064 100.7 76.5
aMens (b) 0.016 0.0066 0.033 98.3 0.021 0.17 0.89 0.021 99.5 55.6
aMain fumerole (b) 0.0055 0.0048 0.0016 99.0 0.044 0.77 0.25 0.033 100.1 45.5

Valles Caldera SW geothermal outflow springs
aSoda Dam (b) 0.02 0.002 0.32 98.4 0.005 0.02 1.10 0.004 99.9 55.0
aJemez spring (b) 0.012 0.0011 0.14 99.1 0.0001 0.063 0.71 0.005 100.0 59.2
a“C” Spring (b) 0.05 0.040 0.14 97.7 b0.005 b0.02 1.97 0.004 99.9 39.4

(a) This study; (b) Goff and Janik, 2002; (c) Truesdell and Janik, 1986.
Samples reported in volume % of total gases.
NA - not analyzed.
BDL - Below detection limit.
NR - Not reported.

a Free gas.
b Sample collected in a vial, water in vial was displaced by bubbles from spring.
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used for comparison. The first comparison was with trace element
trends. In the plots Cl vs. Li and Cl vs. B, Valles Caldera wells (VC and
Baca wells) create a linear chemical trend that Ojo Caliente plots along
(Figs. 12A-B). The second comparison was strontium isotope data
where the Valles Caldera VC-wells show a similar range in [Sr] as Ojo
Caliente and nearly as high of 87Sr/86Sr ratios, revealing long water
flow through granitic bedrock. The third comparisonwas demonstrated
with two models of varying amounts of 3He and He. Data for these
models include dissolved gas data for springs in this study and free
and dissovled gas data from the Valles Caldera.

As discussed above, Ojo Caliente had higher [He] and 87Sr/86Sr ratios
than the other springs in the study area andmay reflect long flow path-
way through granitic bedrock. To test the idea of a connection between
Valles Caldera and Ojo Caliente via a long flow path, [He] was increased
by factors of 2 from Valles Caldera values on a plot of CO2/He vs. RC/RA

(Fig. 13), which included increasing 4He in the RC/RA values. In this
model, Ojo Caliente springs plot along the trend of increasing [He].
The interpretation of this plot is that Ojo Caliente waters can be
produced from far traveled waters from the Valles Caldera. In a similar
model, 3He was exponentially decreased from Valles Caldera values in
a plot of CO2/3He vs. RC/RA (3He was also decreased in RC/RA values)
(Fig. 14), and again Ojo Caliente values generally plot along the
modeled lines. In the model of decreasing 3He, La Madera, Statue, and
eastern spring samples plot closer to the modeled lines than Ojo
Caliente. This is due to greater 3He present in Ojo Caliente samples im-
plyingmore complexmixing in Ojo Caliente springwaters than only di-
lution. Further discussion of Ojo Caliente source waters is presented in
Section 5.3.

In Figs. 13 and 14, the Ponce de Leon sample plots close to Ojo
Caliente samples because of similar CO2/3He and RC/RA values, however
Ponce de Leon and Ojo Caliente results show different chemical signa-
tures in all the other figures. Ponce de Leon is part of a non-magmatic
geothermal system, causing different chemical signatures than Ojo
Caliente. Ponce de Leon is also part of a different geologic setting than
Black Rock and Manby, causing different water chemistry among east-
ern springs. For the purpose of our study, Ponce de Leon provides useful



Fig. 9.Trilinear plot of helium isotopes andCO2. The bottomaxis of the trilinear plot is RC/RA. Higher RC/RAmeans greater percentage ofmantlehelium(3He) and lower RC/RAmeans greater
percentage of crustal helium (4He) (See Section 2.4 “Using a Multiple Tracer Approach” for explanation of RC/RA). All of the springs in the study area plot above 0.1 RA, therefore we
conclude mantle degassing from springs occurs throughout the study area. Valles Caldera waters and Valles outflow springs were compiled from Goff and Janik (2002) and Truesdell
and Janik (1986).
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non-magmatic geothermal data for comparison against Ojo Caliente
data.

Simlar to Fig. 14, decreasing 3He is shown on a plot of δ13Cext vs.
CO2/3He (Fig. 15). This decrease is shown as a horizontal trend along
the x-axis starting at MORB of 2 × 109 (Marty et al., 1989) and Footbath
spring of the Valles Caldera at 1.13 × 109 (Goff and Janik, 2002) and
leads to the right. The important observation in Fig. 15 is that Ojo
Caliente springs have similar δ13Cext and CO2/3He values as Baca wells
15 and 24.

Data spreading along the CO2/3He axis in Figs. 9, 14, and 15 is likely
related to the residual component of magmatic degassing (decreasing
CO2/3He with static or increasing 3He/4He and δ13C-CO2) (Marty and
Jambon, 1987; Poreda and Craig, 1989; Poreda et al., 1992, 1993;
Dixon et al., 1995; Dixon and Stolper, 1995); and/or mixing with CO2

evolved from either thermal breakdown of crustal carbonates or degra-
dation of organic matter (Marty and Jambon, 1987; Dixon et al., 1995;
Dixon and Stolper, 1995; Tedesco et al., 2010; Darrah et al., 2013);
and/or differences in solubilities of CO2 and He in the magmatic melt
(Dixon et al., 1995; Dixon and Stolper, 1995; Tedesco et al., 2010) or
crustal fluids (Marty et al., 1989; Gilfillan et al., 2009); and/or He and
CO2 traveling in a gas phase rather than water (Sano et al., 1988;
Darrah et al., 2013).

The horizontal trend in Fig. 15 is due to decreasing 3He, which is
especially apparent considering that the absolute abundance of CO2

is also decreasing from Baca wells 4 and 13 (0.00226 and
0.0034 mol fraction) to Baca wells 15 and 24 (0.0007 and
0.001 mol fraction) (Truesdell and Janik, 1986). Two types of geo-
thermal waters are apparent in the Baca wells based on water chem-
istry data. Water in Baca wells 4 and 13 was the product of diluting
high temperature and high salinity parent water of the Valles Caldera
geothermal system with meteoric water, while the water in Baca
wells 15 and 24 was the product of conductively cooling Valles Cal-
dera parent water (Truesdell and Janik, 1986).
In summary, evidence of a hydrochemical connection among theOjo
Caliente and the Valles Caldera geothermal systems include: 1) Ojo
Caliente springs and Baca wells 15 and 24 have similar range in δ13Cext
and CO2/3He ratios, 2) both Ojo Caliente and Valles Caldera waters fol-
low the same trace element trends, 3) Ojo Caliente springs can be
modeled from Valles Caldera water by increasing [He] by a factor of 2
and exponentially decreasing 3He, 4) carbonic nature of the western
springs shown with greater concentrations of CO2, CH4, HCO3, Cext,
and higher modeled PCO2 than the eastern spring group of the RGR. All
these findings can be explained by closer proximity to the still-active
Valles Caldera geothermal system.

5.3. Estimating percentage of source waters into Ojo Caliente springs

Possible geothermal and/or endogenic sources of Ojo Caliente
springs include geothermal input from the Valles Caldera, local
magmatism, local non-magmatic far-traveled water, and mantle gases
seeping upward along regional faulting. Basic calculations were per-
formed to determine approximate percentages of these sources. It
should be noted that because of many possible regional and local end
members, these calculations are only conservative estimates. The per-
centage of Valles Caldera input was determined by dilution of lithium,
boron, and CO2. Dilutionwas calculated using the average concentration
from VC-2A and VC-2B samples (maximum Valles Caldera values) and
the average Ojo Caliente concentrations. The results for lithium dilution
was 14% and boron was 5%. The difference among the percentages was
due to three timesmore lithium in the Ojo Caliente samples than boron.
The concentrations of boron and lithium in the VCwells were compara-
ble. To calculate CO2 dilution, free gas concentrations from the Valles
Caldera were used. A large range of CO2 concentrations were measured
at Ojo Caliente. Dilution was calculated for two Ojo Caliente measure-
ments, 2.65 and 30.72%, compared to the average VCwell concentration
of 97.0%. The calculated dilution of CO2 was 31.7 and 2.7%. By using the



Table 7
Dissolved helium isotopes and CO2.

Sample name 3He 4He CO2 CO2/3He (x 109) Ne R/RA X RC/RA % Mantle He Ar Kr *Kr/Ar

pcc/cc μcc/cc cc/cc cc/cc μcc/cc μcc/cc ncc/cc

Western Rio Grande rift springs
La Madera Mother spring (a) 3.73 7.99 0.85 229 0.73 0.34 27.4 0.32 4.0 448 65.9 0.000147
La Madera Mother spring (d) 9.08 1.97 0.41 456 0.84 NR 148 0.33 4.1 NR NR NR
La Madera pool (a) 8.85 16.3 0.79 89 0.47 0.39 86.9 0.39 4.8 NA NA NA
Ojo Caliente Well (a) 57.97 288 0.58 10 8.13 0.14 673 0.14 1.7 2492 459 0.000184
Ojo Caliente Well (e) 30.19 120 NA NA 0.127 0.2 2372 0.18 2.2 NA NA NA
Ojo Caliente iron spring (a) 56.57 257 0.65 11 0.96 0.16 88.6 0.16 2.0 1933 946 0.000489
Statue spring (a) 6.71 18.0 0.86 127 0.95 0.27 47.6 0.26 3.2 596 177 0.000296

Eastern Rio Grande rift springs
Black Rock (a) 7.90 20.0 0.32 40 7.37 0.28 6.8 0.20 2.5 1140 323 0.000283
Manby (e) NA NA NA NA NA NA NA 0.32 4.0 NA NA NA
Ponce de Leon (a) 20.59 113.57 0.33 16 0.97 0.13 292.3 0.13 1.6 4812 1387 0.000288

Meteoric Waters in study area
Big spring (a) 6.79 5.63 0.27 40 21.3 0.87 0.7 NA NA 9442 2658 0.000282
No Agua well (a) 20.8 103 0.46 22 12.2 0.15 21.0 0.12 1.5 NA NA NA
Tusa Warm spring (a) 8.29 84.7 0.99 18 18.7 0.95 0.8 NA NA NA NA NA

Valles Caldera springs and wells
Footbath Spring (b)* 867 0.012 97.9 1.13 NR 5.16 NR NR 64.5 110 NR NR
Womens bath (b)* 345 0.0040 98.5 2.86 NR 6.16 NR NR 77 100 NR NR
VC-2a well (b)* 140 0.0020 97.1 6.94 NR 5.0 NR NR 62.5 160 NR NR
VC-2b well (b)* 408 0.0051 96.9 2.37 NR 5.72 NR NR 71.5 66 NR NR
Baca well 13 (c) 279 0.0042 99.2 3.55 NR 4.75 NR NR 59.4 14.5 NR NR
Baca well 15 (c) 128 0.0022 96.7 7.58 NR 4.14 NR NR 51.8 18.9 NR NR
Baca well 24 (c) 75.9 0.0016 98.4 13.0 NR 3.93 NR NR 49.8 18.6 NR NR
Baca well 4 (c) 362 0.0067 98.5 2.72 NR 3.86 NR NR 48.3 19.1 NR NR

Valles Caldera SW geothermal outflow springs
Soda Dam (b)* 23.5 0.0020 98.4 41.8 NR 0.84 NR NR 10.5 200 NR NR
Jemez hot spring (b)* 19.6 0.0011 99.1 50.7 NR 1.27 NR NR 15.9 120 NR NR
C spring (b)* 179 0.0400 97.7 5.45 NR 0.32 NR NR 4 500 NR NR
Salt Spring (d) 7.4 0.0046 98.4 133 NR NR 461 0.11 1.4 NR NR NR

Tierra Amarilla
Twin Mounds (d - labeled Grassy spring) 23.5 84.7 0.986 42 0.00 NA 958 0.198 2.5 NR NA NA

Other regional springs of interest
Chimayo Well (b)* 43.7 0.0048 99.6 22.8 NR 0.65 NR NR 8.1 50 NR NR

(a) This study; (b) Goff and Janik, 2002; (c) Truesdell and Janik, 1986; (d) Newell at al., 2005; (e) unpublished Crossey.
⁎Data from Goff and Janik (2002) is dry gas in mol%.
Samples from the study site were analyzed from gases exolved from water in copper tubes.
He/Ne of air used to correct measured R/RA is 0.4.
X = (He/Ne)m / (He/Ne)air.
RC/RA = (R/RA * X - 1) / (X - 1).
NA - Not analyzed.
NR - Not reported.
*84Kr/36Ar Air values are 0.0207 (Moreira et al., 1998).

Table 8
Saturation indexes.

Sample name SI - Calcite SI - Dolomite SI - Gypsum SI - CO2(g)

Western Rio Grande rift springs
LM1 mother spring −0.89 −1.85 −1.14 0.02
LM 2 Pool by HWY −0.5 −1.08 −1.10 −0.22
Ojo Caliente Well −0.17 −0.31 −2.34 −0.19
Ojo Caliente Lithium spring −0.17 −0.26 −2.27 −0.33
Ojo Caliente Iron spring −0.28 −0.51 −2.31 −0.27
Statue spring −0.84 −1.73 −1.18 0.04

Eastern Rio Grande rift springs
Black Rock −0.35 −0.90 −1.96 −2.09
Manby −0.63 −1.52 −1.93 −1.62
Bear Crossing −0.56 −1.4 −2.97 −2.70
Ponce de Leon 0.15 −0.46 −2.22 −3.64

Meteoric Waters in study area
Taos Junction −0.02 −0.75 −2.85 −2.52
No Agua −0.89 −2.06 −3.37 −1.86
Tusa warm −0.56 −1.73 −3.65 −2.22
Picuris warm −4.08 −8.52 −3.99 −1.05

Saturation indices (SI) were modeled in PHREEQC Version 2.
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conservative estimates, about 3 to 5% of Ojo Caliente water was sourced
from the Valles Caldera geothermal system.

Radiogenic strontium ratios were used to calculate the amount of lo-
cally derived geothermal waters. As discussed in Section 2.4, the
87Sr/86Sr ratio reflects water rock interaction along flow pathways
(Faure, 1986). The local non-magmatic geothermal influence on stron-
tium ratios was calculated using the Ponce de Leon strontium ratio,
0.713287, compared with locally measured minimum and maximum
ratios. The local minimum ratio was the New Mexican Paleozoic lime-
stone of 0.709 (Crossey et al., 2006) and the maximum ratio was the
Precambrian basement from Rocky Mountain National Park of 0.740
(Clow et al., 1997). By using these values for comparison, the calculated
influence of basement rock at Ponce de Leon was about 13%. Ojo
Caliente radiogenic strontium ratios were comparable to the local max-
imum value. We interpret that the locally non-magmatic geothermal
impact on Ojo Caliente waters was likely similar to Ponce de Leon;
therefore, the impact was about 13% of the total geothermal influence.



Fig. 10. RC/RA plotted against distance from the Valles Caldera. Springs from the Valles Caldera to the southwest are shown as negative values on the x-axis and springs to the northeast are
positive values. Exponential trends of decreasing RC/RAwith distance from theValles Caldera to the southwest are apparent, however trends are not as apparent to the northeast, therefore
this study compared springwater chemistries of opposite sides of the northern RGR to study anomalies in thewestern spring group. Abiquiú spring (ABIQ) and Chimayó (CHI) springs are
shown as peach symbols (Goff and Janik, 2002) and are shown to demonstrate large scale trends; they are not part of either the western or eastern spring groups and are therefore not
presented on previous figures.White symbols are the San Ysidro springs (Newell et al., 2005; McGibbon et al., 2018). Red symbols are the Valles Caldera springs andwells (Goff and Janik,
2002; Goff and Gardner, 1994). Pink symbols are Soda Dam and Jemez springs of the Valles Caldera geothermal outflow plume waters (Goff and Janik, 2002).
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Detected methane in Ojo Caliente samples suggests there is a
magmatic source due to high temperature synthesis reactions of
CO2 and H2 (Welhan, 1988). Methane concentrations from Ojo
Caliente samples were mostly the same order of magnitude as the
Baca and VC well samples. Considering significant dilution of Valles
Caldera solutes and gases, as demonstrated above, methane
Fig. 11. CO2/3He plotted against distance from the Valles
detections are interpreted to be locally derived, because diluted
methane from the Valles Caldera would likely not be detectable in
Ojo Caliente spring water. The only local magmatism in the region
of Ojo Caliente is partially melted mantle along the Jemez lineament.
An estimated percentage of this source is unclear, however is likely
small.
Caldera. The same symbols are used here as Fig. 10.



Fig. 12. Cross plots and linear regressions of geothermal-associated trace element
concentrations (Li, B). (A) Ojo Caliente had the highest [Li] among the springs in the
study area and lies along a trend line created by the Valles Caldera well waters. (B) the
plot with [B] shows similar trends as [Li].
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Calculating contributions of mantle helium sourced either from the
Valles Caldera or regional degassing is obscure, because RC/RA results
were similar among Ojo Caliente and eastern RGR spring samples. By
using dilution calculations above, RC/RA in Ojo Caliente samples is 3% di-
luted Valles Caldera waters. However, given similar values in eastern
springs, the mantle helium in Ojo Caliente may instead be regional
degassing. Dilution of Valles Calderawater and gases is better estimated
by the solutes and CO2 described above.

In summary, diluted input of the Valles Caldera solutes and gases is
approximately 3 to 5%, local non-magmatic geothermal input is about
13%, and a small contribution of local magmatism from partially melted
mantle along the Jemez lineament. The remaining spring waters are
meteoric, which is consistent with oxygen and hydrogen isotope results
discussed in Section 4.

5.4. Silica and Na-K-Ca geothermometers

To gain further insight into springwater origins, the silica and Na-K-
Ca geothermometers were calculated. The silica geothermometer calcu-
lation was from Fournier (1977) for adiabatic cooling with maximum
steam loss. The Na-K-Ca geothermometer calculation was based on
Fournier and Truesdell (1973) using a β value of 1.33 as determined
by preliminary calculations shown in Table 9 (Fournier and Truesdell,
1973). The silica geothermometer is a standard tool used in geothermal
studies. The Na-K-Ca geothermometer was used because it was created
for sampleswith high concentration of calcium and cold to slightly ther-
mal spring water (Fournier and Truesdell, 1973), both are representa-
tive features of our studied springs.

For the Ojo Caliente samples, the calculated silica geothermometer
equilibration temperatures were 107 to 110 °C and the Na-K-Ca
geothermometer temperatures were 179 to 191 °C (Table 9). Even
using the higher estimates, the calculated temperatures are below the
measured temperatures from the Baca and VC wells, which ranged
from 210 to 295 °C. The LaMadera, Statue, and Ponce de Leon equilibra-
tion temperatures for both equations ranged from 65 to 106 °C; the dif-
ference in the temperatures among the geothermometers was 3 to 20
°C. Generally, the Na-K-Ca geothermometer calculated higher
temperatures.

Geothermometetry was performed for Ojo Caliente samples in
Vuataz et al. (1984) and similar temperatures were calculated. Vuataz
et al. (1984) determined which mineral phases participated in water-
rock interactions for Ojo Caliente spring water, which were silica min-
erals, clays, carbonates, fluorite, and sulfates. These minerals are consis-
tentwith primaryminerals of themetarhyolite that Ojo Caliente springs
discharge through (Vuataz et al., 1984). They concluded that Ojo
Caliente spring waters are mainly the result of low-temperature reac-
tions. Similarly, on the silica solubility curves presented in Fournier
and Rowe (1966), Ojo Caliente samples plot near the amorphous silica
curve, indicatingmore surficial reactions, such as dissolving amorphous
silica deposits near the ground surface (Fournier and Rowe, 1966). The
geothermometer data illustrates that low temperature reactions domi-
nate the springwater chemistry, confirming that the endogenic compo-
nents were found at trace concentrations.

5.5. Discussion: local CO2 variation among the western spring group

Large travertine deposits at LaMadera andminor travertine deposits
at Ojo Caliente are significant because they suggest a nearby reservoir of
deeply sourced CO2. Higher CO2 concentrations were measured in La
Madera/Statue spring samples as well as other indicators of CO2 equili-
bration compared to Ojo Caliente. A lower pH was measured from La
Madera at 6.0 compared to Ojo Caliente at 6.6. Higher PCO2 was mea-
sured at La Madera at 100.03 compared to Ojo Caliente at 10−0.26. Lastly,
higher calcite saturation index at La Madera was measured at −0.8
compared Ojo Caliente at −1.07. These differences among La Madera
and Ojo Caliente are likely structurally related. Future work is needed
to understand the structures causing greater CO2 degassing at La
Madera.

6. Conclusions

Due to the complex hydrogeology of geothermal systems, this work
used geochemistry to study the origins of spring waters in northern
New Mexico. Based on major ion chemistry, trace elements, gas abun-
dance, carbon, strontium, and helium isotopes, we conclude that there
are distal influences of the Valles Caldera geothermal system in Ojo
Caliente spring waters.

Rough estimates of geothermal source contributions into Ojo
Caliente spring water were calculated. We conclude that about 3 to 5%
of Ojo Caliente spring water chemistry can be explained by a large ad-
vection system sourced from the Valles Caldera. Though 3 to 5% is a
small contribution, significant permeability along fault networks is re-
quired, and therefore high permeability is demonstrated by this study.
In addition to a large advection system, we calculated about 13% input
of non-magmatic deeply circulated fluids. Ojo Caliente springs also
hadmethane detections, unlike eastern springs, suggesting a local mag-
matic source (Welhan, 1988), which we interpret to be from the Jemez
lineament. The Jemez lineament passes through the entire study site, to
explain the unique chemistry atOjo Caliente,we suggest greater perme-
ability along Ojo Caliente faults allowing upward mobility of gases.



Fig. 13.Model of decreasingHe (3He/4He is expressed as RC/RA). The curved lines are amodel of increasing [He] by factors of 2, including increasing 4He in the RC/RA values. Thismodelwas
created by starting with free and dissolved gas data from Valles Caldera samples and then exponentially increasing [He]. Ojo Caliente springs plot along the modeled lines revealing a
possible connection with the Valles Caldera. Greater [He] in Ojo Caliente samples compared to La Madera and Statue springs account for the large spread of CO2/He data in the western
springs (yellow symbols). Valles Caldera and related outflow springs were compiled from Goff and Janik (2002) and Truesdell and Janik (1986).
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Lastly, the majority of the water is of meteoric origins. The mixture of
these sources is illustrated in Fig. 16.

In ourmodel of migrating constituents of the Valles Caldera, we pro-
pose that the fluid and gases originate from great depths below the
ground surface, possibly near the magma body, rather than a shallow
outflow plume of Valles Caldera geothermal waters. The Valles Caldera
Fig. 14. Model of decreasing 3He (3He/4He is expressed as RC/RA). Similar to Fig. 13, the curve
Caliente plots near the modeled lines. Greater 3He concentrations in Ojo Caliente samples com
left. Valles Caldera and related outflow springs were compiled from Goff and Janik (2002) and
magma body was imaged at 4.7 km (Nielson and Hulen, 1984) to
7 km below the ground surface Aprea et al. (2002), which provides a
significant vertical distance to allow fluids and volatiles to migrate
great distances laterally. High temperatures and pressures of the Valles
Caldera can cause this migration, as seen by well temperatures and
pressures of 210 to 290 °C (Goff and Janik, 2002) and 140 to 152 psi
d lines represent a model of decreasing 3He from Valles Caldera samples and MORB. Ojo
pared to La Madera and Statue springs cause Ojo Caliente samples to plot further to the
Truesdell and Janik (1986).



Fig. 15. δ13Cext vs. CO2/3He. Valles Caldera samples plot close to MORB (CO2/3He= 2 × 109) and along a horizontal trend fromMORB to the right. This horizontal trend from Bacawells 4
and 13 to Bacawells 15 to 24 is from decreasing 3He because CO2 is also decreasing according to dissolved gas data from Truesdell and Janik (1986). It is notable that Ojo Caliente CO2/3He
values overlap with values from Baca wells 15 and 24. The springs with lighter δ13Cext values are Ponce de Leon (PL) and meteoric waters (blue symbols).
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(White et al., 1984). Fig. 16 illustrates the depths of source fluids and
gases.

Considering that the Valles Caldera magma body is within crystalline
bedrock, fault network permeability is the primary path for migration.
Permeability in well-developed damaged zones along thin regions paral-
lel to fault zones have significant permeability (Evans et al., 1997). Faults
have been shown to be conduits for fluid and gas transport (Mailloux
et al., 1999; Easley and Morgan, 2013; Karlstrom et al., 2013; Fischer
and Chiodini, 2015; Lee et al., 2016), and fault intersections provide con-
duits for pristine mantle gases (de Moor et al., 2013). The spring chemis-
try of this studydemonstrated that the Jemez lineament, regional faulting,
extensional features, and crustal thinning provided sufficient permeabil-
ity for fluid and gas migration. As a secondary study to this paper, a per-
meability test studying CO2 seepage or conductivity along the Embudo
and Ojo Caliente faults would be beneficial.

This study stressed that faults allow for transport of endogenic fluids
in tectonically active regions. Our results demonstrate the importance of
Table 9
Geothermometer results.

Sample name Si
(mg/L)

SiO2

(mg/L)

aSilica geothermometer equilibrat
temperatures (°C)

Western Rio Grande rift springs
La Madera Mother spring 9.23 19.8 68.5
La Madera pool 8.35 17.9 65.2
Ojo Caliente Well 28.2 60.4 110
Ojo Caliente Lithium spring 26.7 57.1 107
Ojo Caliente Iron spring 27.6 59.1 109
Statue spring 9.43 20.2 69.2

Eastern Rio Grande rift springs
Ponce de Leon 25.6 54.8 106

a Temperature = (1522/(5.75 − log(SiO2))) − 273.15 (Fournier, 1977).
b Postive values indicate that 1.3 should be used for β (Fournier and Truesdell, 1973).
c Temperature = (1647/(log(Na/K) + β(log(√Ca)/Na) + 2.24)) − 273.15 (Fournier and Tru
studying trace fluid and gas chemistry as it provides insight into the ex-
tent of regional geothermal influence. Continued reassessment is
needed to fully understand large scale fault networks in relation to gas
transport mechanisms.
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Fig. 16. Southwest-northeast cross section from the Valles Caldera to the western spring group along the hypothesized Embudo fault zone flow path and schematic drawing of volatile
degassing. A CO2 souce for Ojo Caliente waters may be from magma chambers associated with the Valles Caldera. Transport could be along shown faults, through the Paleozoic
aquifers (gray), brittle ductile transition (about 6–8 km below the ground surface), or via pathways from the mantle. This cross section is parallel to the Jemez lineament and Embudo
fault zone. The convecting geothermal waters of the Valles Caldera are shown flowing to the southwest and discharging along the Jemez fault (projected). The magma body locations
were interpreted from Steck et al. (1998). The cross section was adapted from Goff et al. (2014), Koning et al. (2011), May (1984), and maps from the New Mexico Bureau of Geology
including the Valles Caldera cross section by Goff et al. (2011), and the Vallecitos (Kempter et al., 2005), Chili (Koning et al., 2005b), and Ojo Caliente (Koning et al., 2005a) Quadrangle
maps.
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